Abstract: An improved model of the generation and propagation of cyclotron-maser radiation in flaring loops is discussed, which incorporates competition between driving of the maser instability and maser-induced relaxation of the unstable plasma. This model enables previous large discrepancies between the build-up, relaxation, and observed timescales to be resolved for solar microwave spike bursts. Also, it implies that emission via fundamental o-mode and second-harmonic x-mode instabilities can compete more effectively against fundamental x-mode emission than has previously been thought. Propagation of the radiation to the observer is discussed both theoretically and with reference to ray tracing calculations and it is shown that the observed levels of MHD waves in the corona make it significantly easier for the radiation to escape than in the unperturbed case. In the absence of nonlinear processes or mode conversion we argue that the escaping radiation is generated by either fundamental o-mode or second-harmonic x-mode instabilities.
Introduction
Electron cyclotron maser emission (ECME) is widely accepted as the mechanism for solar microwave spike bursts during flares, bursts which have timescales as short as 1 ms (Droge 1977; Slottje 1978; Benz 1986; Crannell etal. 1988) . Holman et al. (1980) first suggested that ECM could explain the short timescales of these bursts. Later, Dulk (1982a, b, 1984) developed a model in which precipitation of energetic electrons into the chromosphere at the base of a flaring loop results in a loss-cone distribution in the upgoing magnetically mirrored electrons. This distribution provides the free energy necessary to drive a maser instability (Wu and Lee 1979; Hewitt et al. 1982; Melrose et al. 1982) . Localised bursts of maser radiation from the emitting region then relax the distribution while depleting its free energy.
The ECM model can account for the high polarisations (up to ~ 100%), narrow bandwidths (~ 1 %), short timescales (down to ~ 1 ms), and high brightness temperatures (up to 10 18 K) of microwave spike bursts. Despite these successes, a number of problems remain: (1) The theory predicts that the loss-cone distribution builds up in a time t b ~ L/VQ, where L is the scale length of the flaring loop and v 0 the velocity of the energetic electrons. For loops with L=3 X 10 3 km and VQ-0. lc, this gives / A =0.1 s. In contrast, relaxation of the distribution is predicted to occur on a timescale t rel of a few microseconds. The disparity of 4-5 orders of magnitude implies that the approximation of a loss-cone distribution is a poor one: maser growth will saturate by relaxing the losscone on the microsecond time scale with the plasma subsequently deviating little from marginal stability (Winglee et al. 1988; McKean et al. 1990; Robinson 1991 a) .
(2) Fundamental x-mode (denoted x 1) radiation is predicted to be the fastest growing emission in a mode capable of propagating to infinity, with its nearest such competitors, fundamental o-mode (o 1) and second-harmonic x-mode (x2) emission, having growth rates 1 -2 orders of magnitude smaller for solar parameters. Unfortunately, the corresponding optical depth of the second-harmonic x-mode absorption layer is ~ 10 4 Dulk 1982a, b, 1984; Robinson 1989 Robinson , 1991a McKean et al. 1989) , implying that negligible x 1 radiation can escape. Some suggestions to overcome this difficulty are that the growth rates of o 1 and x2 radiation are higher relative to that of xl emission than usually estimated (Melrose and Dulk 1982b; Robinson 1991a) , or that xl radiation escapes through absorption windows where the optical depth is lower (Holman et al. 1980; Robinson 1989 Robinson , 1991a McKean et al. 1990) .
In Section 2 the model of Dulk (1982a, b, 1984) is modified, paying particular attention to the driving and saturation of the maser instability. The resulting model implies that the timescales of the buildup and the relaxation of the unstable distribution are of the same order. Moreover, it is found that the effective growth rates of all modes are reduced by the effects of saturation, with the fastest growing modes being the most severely affected. This leads to more effective competition of ol and x2 growth against amplification of x 1 radiation. Coupled with the smaller subsequent absorption of ol and x2 radiation, this may explain the escape of maser radiation to the observer. We examine these points theoretically and via ray tracing in Sections 3 and 4.
Timescales
In Dulk's (1982a, b, 1984) model of solar ECME a loss cone distribution builds up as energetic electrons from the energy release region of a flare are reflected (for large pitch angles) or precipitate (for small pitch angles) near the footpoints of the flaring loop. When a burst of maser emission locally relaxes the distribution, the growth rate r falls to near zero. As the loss cone rebuilds due to advection of mirrored electrons from lower in the corona T increases at a characteristic rate I", with
where T LC is the wave growth rate in the fully-formed loss cone. The characteristic build-up time is thus t b = L/i^ . In contrast, the relaxation rate during maser emission is of order T, giving a relaxation time e rt r io/r LC (2) for a loss cone, where the coefficient 10 is obtained from quasilinear simulations (Aschwanden 1990 ). These results give t b = 0.1 s and t Tel = 1 us for typical solar parameters of ub = 0.1c, L = 3000 km, and T LC = 10 7 s-' (appropriate for xl emission), a 10 5 -fold discrepancy. Not only are t b and t rsA widely different, but the observed timescales of spikes, t obs = 1-10 ms, do not correspond to either quantity.
The inequality t b > t Id implies that maser action will relax the loss-cone long before it can become fully developed, a point recognised by Dulk (1982a, b, 1984) . After a time t has elapsed from the start of an elementary burst the growth rate is r « r / ,
and the total energy density in the waves is
Proc.ASA 10 (1)1992 where W 0 is the initial background level. Saturation occurs when the exponent in (4) is of order 10 (Aschwanden 1990), giving a saturation time (equal to the relaxation time of the distribution) and a corresponding effective growth rate of r efT -10A re "
which, with (5), implies
(cf., (2)). Hence, the growth rate is the geometric mean of the build-up rate uj/L and the growth rate Y LC for a fully-formed loss cone, to within a factor of order unity. Substitution into (5) and (6b) gives an effective growth rateof=10 4 s-' forxl emission (with the same parameters as before) and a corresponding relaxation time t Kl = 1 ms. This timescale is in agreement with observation and appears to resolve the previous discrepancies between t b , t Kl , and t obs \ in the present model the time required to reach the effective growth rate (6b) is of the same order as f ob5 and r re ,.
Escape of Radiation from the Corona
Standard models of cyclotron maser emission predict that x 1 emission grows fast enough to deplete virtually all the available free energy from the unstable loss-cone distribution, thereby suppressing the growth of competing modes. Unfortunately, xl radiation is also predicted to be strongly reabsorbed at the second-harmonic (s = 2) layer where the local cyclotron frequency is half its value at the point of emission. Observation of spike bursts is thus problematical from a theoretical viewpoint if x 1 emission dominates but cannot escape to the observer. Proposed solutions are that the radiation escapes through absorption windows where the optical depth is reduced, or that the growth rates of competing modes are enhanced relative to x 1 growth and that it is radiation in these modes that is observed. We discuss these possibilities next.
A significant feature of Eq. (6b) is that the highest growth rates are reduced by the largest factors when going from the fully-formed loss-cone growth rates r i C to effective growth rates T eff . Hence, fundamental o-mode (ol) and secondharmonic x-mode (x2) growth rates, which are 10-100 times smaller than the xl growth rate for typical solar parameters in a fully-formed loss cone, are only 3-10 times smaller in our model. This allows these modes to compete more effectively for the available free energy than has previously been estimated. Dominance of x 1 emission is thus expected to be less than previously argued and all three modes can potentially be emitted at significant levels.
The characteristic optical depth encountered by xl radiation at the s = 2 layer is T ~ 10 4 at perpendicular propagation (0 = 90°) relative to the magnetic field B, implying that negligible energy can escape. However, x decreases at small angles, with
and there is thus a parallel absorption window where x-»0 as 0-.0. For significant transmission to occur x s 10 must be satisfied, which implies 0 £ 2° for xl emission at 5 = 2. The probability of escape through this window is the ratio of the solid angle occupied by the window to that of the upper half sphere; i.e.,= 10~3. Similar absorption windows must also be considered for x 1 and x2 radiation escaping through the 5 = 3 layer, and for o 1 radiation escaping through the 5 = 2 layer; however, absorption at other layers can be neglected under solar conditions. The net probability of escape of radiation in the various modes is considered below. Before estimating the net probability of escape from the corona, we must first consider the effects of perturbations. Absorption layers are relatively thin, typically corresponding to a fractional change of only a few percent in B. Magnetic field perturbations during flares have been inferred to have amplitudes which are also a few percent of the unperturbed field strength (Aschwanden 1987 , and the references cited therein). Hence, the observed perturbations are sufficiently large to distort the thin absorption layers by large amounts. This leads to a distribution of radiation path lengths through each absorption layer, with some being a factor of ~ 10 shorter than in the unperturbed case (Robinson 1991b) . These short paths dominate in determining transmission through the layer, because of the exponential dependence of the transmitted radiation on T (transmission factor = e~T) and the proportionality of x to the path length. Hence, the effective optical depth is reduced by as much as an order of magnitude by the perturbations and absorption windows are widened accordingly. This effect must be included when assessing the probability of escape.
Taking into account the effects of perturbations Robinson (1991b) has estimated the typical fraction of xl radiation that can escape through both the s=2 and s=3 windows to be 10~5 -10 -4 . Similarly, x2 radiation must escape through the j = 3 absorption layer, where the optical depth is ~ 2OOsin 4 0. In the presence of perturbations ~ 10% of the radiation can escape through the absorption window. The optical depth for ol radiation at the s=2 layer is ~ lOOOsin 2 ©, and ~ 1% of the radiation can escape through the parallel absorption window. In addition, there is a perpendicular window where the optical depth is reduced to ~ 1, with the residual depth being due to relativistic effects; in the presence of perturbations ~ 10% of o 1 radiation can escape through this window.
The results obtained in the preceding paragraphs imply that a significant fraction of ol and x2 radiation can escape and be visible to an observer at infinity, but that xl radiation can escape only rarely. The recent observation that spike emission is most often polarised in the sense of the x-mode, with the strongest polarisations seen toward the center of the solar disk (Gudel and Zlobec 1991) , thus favors most of the observed emission being x2 radiation, although o-mode emission (o 1 in our model) also appears to be observed, at least occasionally. Because the x2 growth rate is smaller than that for x 1 radiation the predicted burst timescale is ~ 10 ms and, indeed, such timescales are more commonly seen than the minimum ones of ~ 1 ms (Benz 1986).
Ray Tracing
Passage through absorption windows restricts the observed radiation to a small subset of that emitted. In order to link the properties of the emitted radiation to those of the radiation observed it is thus necessary to follow the energy through the corona by ray tracing. This will also yield predictions of the center-to-limb variation of observable properties such as the polarisation, which can be compared with observation. Solar electron-cyclotron maser radiation is predicted to be emitted on the surface of a thin cone of half-angle 70° to 85° Dulk 1982a, b, 1984) , or slightly less for x2 radiation. Figure 1 shows numerical ray-tracing results for cross sections through representative emission cones for xl, ol, and x2 radiation at optimum parameters for growth in each case. The xl and x2 radiation is refracted upward, albeit only slightly, while the ol radiation initially refracts downward, emerging from the loop region at a greater angle to the vertical. This implies that any escaping o-mode radiation should be observed closer to the limb than x-mode emission, and will thus be subject to greater depolarisation via scattering on its longer path through the corona. This preliminary result is consistent with Giidel and Zlobec's (1991) conclusions that x-mode emission dominates and o-mode emission is rare, with strong polarisation near the center of the disk and weak polarisation near the limb. However, no statistical study of the center-to-limb variation of the sense of the polarisation has yet been carried out.
Summary and Conclusion
Existing models of solar electron cyclotron maser emission have been modified to incorporate the effects of driving and saturation on the growth rates and evolution of elementary bursts. The resulting model resolves the previous discrepancy between the timescales of loss-cone build-up and relaxation and that of observed bursts and implies that ol and x2 emission can compete more effectively against xl growth than has previously been thought. These modes can also escape from the corona more easily than xl emission, which tends to be strongly absorbed. Escape of radiation is found to be assisted by the presence of magnetic-field perturbations at the observed levels, which significantly reduce the optical depth along a small fraction of paths. In the absence of nonlinear effects or mode conversion, the observed radiation is thus expected to be ol or x2 emission. Initial results from a ray-tracing calculations imply that, if ol emission escapes, it will be visible near the solar limb, whereas any escaping x2 emission will be observed nearer the center of the disk. These conclusions are in agreement with the observed dominance of x-mode polarisation, with the strongest polarisations seen near the center of the solar disk.
